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Predicting RNA structures: the model of the RNA element
binding Rev meets the NMR structure
Fabrice Leclerc, Jayashree Srinivasan and Robert Cedergren
Background: How accurate are the predictions of RNA three-dimensional
structures? Assessing this accuracy requires the detailed comparison of the
prediction with the experimentally determined structure. Previously, sequence
variation in RNA aptamers that bind the Rev protein was used to infer a three-
dimensional model of the Rev-binding element (RBE) RNA. Although much of
this model has been substantiated by subsequent experimental data, its validity
remains to be determined by confronting it with the structure determined by
NMR spectroscopy.
Results: A series of different criteria such as geometric parameters (root mean
square deviation, interproton distances, torsions and puckering), helicoidal
parameters (base pairing and base stacking) and stability considerations
(conformational energies) have been evaluated to identify common and
distinguishing structural characteristics of the model and the NMR structure. 
Conclusions: The detailed comparison of the two structures reveals striking
structural similarities at both the global and local level that validate the RNA
modeling approach that we have used. Analysis of the structural differences and
the precision of the model suggest that the limitations of the method are related
to the amount of structural information available for modeling.
Introduction
We recently published a three-dimensional model for the
region of the HIV-1 viral RNA (the Rev-binding element
[RBE]) involved in the high-affinity binding of the Rev
protein [1]. Information gleaned from the covariation of
nucleotides in a collection of oligonucleotides (aptamers)
selected from random libraries of RNA [2,3] were inter-
preted in the form of structural constraints [4] (Fig. 1).
These, in conjunction with libraries of mononucleotide
conformations, were employed by MC-SYM, a modeling
program based on constraint satisfaction [5,6], to generate
3D models for the wild-type as well as aptamer RBE
sequences. Since our publication, a complete 3D structure
of the RBE determined by NMR spectroscopy has
appeared [7]. Because the fundamental concern of a
model is its usefulness or how well it represents the true
3D structure, we have undertaken a detailed comparison
of the model with the NMR structure. 
Results
Although data from two NMR studies of the RBE struc-
ture have been published [7,8], the Battiste et al. structure
[7] was used for our comparison, since its coordinates were
graciously provided by J Williamson. Both the model and
the NMR structure have a generally helical appearance
punctuated by a widened major groove (Fig. 2). The
unusual groove results from a structural motif comprising
the unpaired U72 sandwiched between two consecutive
noncanonical base pairs, G48–G71 and G47–A73 (Fig. 1).
Differences in the sequence of the tetraloop and the prox-
imal stem of the modeled RBE and that used in the NMR
study restricted our detailed comparison to the identical
core region that spans the Rev recognition site, i.e.
nucleotides U45–C54 and G64–A75 (Fig. 1). Also, the fact
that the NMR structure was an average over an ensemble
of eight structures justified a 20 ps in vacuo dynamics sim-
ulation of our initial model (PDB code 163D) so that the
refinement levels of the two starting structures were as
equivalent as possible. Subsequently, both the NMR
structure and the model were energy minimized, produc-
ing 〈JB〉min from the Battiste et al. structure [7] and 〈FL〉min
from the Leclerc et al. model [1]. Both minimized struc-
tures were within 1.1 root mean square deviation (RMSD)
of the originals. 
The all-atom difference between 〈JB〉min and 〈FL〉min
measured by the RMSD was 3.9 Å, whereas the back-
bone phosphates differed by 2.5 Å. The value of the
RMSD excluding the two bulged nucleotides A68 and
U72 was 3.3 Å. For reference, the ensemble of eight low-
energy NMR-derived structures used to derive the
average structure used in our comparison have RMSD
values of 1.7–2.6 Å excluding the bulged nucleotides.
The RMSD was next broken down by nucleotide posi-
tion and by structural subdomains to determine which, if
any, nucleotides or subdomains in the two structures
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were particularly dissimilar. Figure 3a shows that the
deviation of the base moieties of individual nucleotides is
rather constant with the exception of the bulged
nucleotide 68; on the other hand, phosphate deviation
varies greatly with the position. Similarly, the comparison
of the lower stem, upper stem and internal loop gave
RMSD values of 3.0 Å, 3.2 Å and 3.3 Å, respectively,
leading to the conclusion that the deviation is rather
equally distributed in the molecule, when the bulged
nucleotides are ignored. Evaluation of differences
between individual nucleotides of the two structures
showed that the bulged A68 nucleotide is the largest con-
tributor to dissimilarity. 
Energy comparison
Even though the RMSD gives a good global evaluation of
differences between structures, this value does not
address the usefulness of the model, so we chose to
examine other criteria. An important criterion in evaluat-
ing different molecular conformations is their potential
energy levels. The comparison of the intramolecular and
electrostatic solvation energies of the two structures, i.e.
their total conformational energies, shows them to vary by
only 0.01% (Table 1). The individual components of the
overall energy values are virtually all within the error
limits of the methodology [9].
Geometric comparison
Notable geometric differences are evident in the compari-
son of the two structures: the most striking examples are
the interproton distances in the noncanonical base pair
regions, which were remarkable also by their unusual
NOE values [7]. As seen in Table 2, these distances are
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Figure 2
The major groove of the canonical RNA
A helix (left), the solution NMR structure
(middle) and the RBE modeled using MC-
SYM (right). The backbone is highlighted
using the ribbon representation. The tetraloop
sequence and conformation is different for the
NMR structure and the model. The sequence
of nucleotides in the U45–G54 strand was
used to construct the standard RNA A helix
with Watson–Crick base pairs.
A helix 〈FL〉 structure〈JB〉 structure
Figure 1
The secondary structure and constraints for the wild-type RBE
determined by covariation of nucleotides among different aptamers are
shown on the left. The sequence numbering used is the same as in
Giver et al. [4]. Lines between nucleotides indicate Watson–Crick
base pairing and dashed lines represent non-Watson–Crick pairing.
The primary sequence and secondary structure of the oligonucleotide
used in the structure determination study by Battiste et al. [7] are
shown on the right. The region of sequence identity is referred to as
the core region and is in bold.
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greater for 〈FL〉min than for 〈JB〉min by as much as 0.6 Å,
whether the starting or minimized structures are com-
pared. In the case of the G70H8–G71H1′ distance, the
difference between the two structures is particularly large
(1.4 Å), indicating that G70 and G71 are stacked in differ-
ent ways in the two structures.
The backbone torsion angles , ,  and  in 〈JB〉min and〈FL〉min assume values close to the canonical RNA A helix
with slight deviations in the noncanonical base pair region.
The  and  torsions show larger fluctuations: the  and 
angles are normally –68° and 54°, respectively; however in
〈FL〉min, values are between –98° and 122° for , –179°
and 67° for , and in 〈JB〉min, the spread is –51° and 153°
for  and –157° and 31° for .
The  angles of nucleotides in the two structures are very
similar at most nucleotides (Fig. 3b). Again, the unre-
stricted bulged nucleotide A68 is exceptional. At G48,
even though both are in the anti orientation, the value of 
in 〈JB〉min is –124°, a value closer to the high syn conforma-
tion than the distinctly more anti –171° found in 〈FL〉min.
These data may reflect the fact that G48 is less restrained
than other nucleotides in the internal loop of the RBE.
Both 〈JB〉min and 〈FL〉min represent the bound form of
RNA and display an anti conformation at G71, the confor-
mation also produced by the molecular dynamics calcula-
tions of Le et al. [10], whereas Peterson et al. [8] report a
syn conformation in their NMR structure of the unbound
RNA form. Interestingly, the conformation of G71 in our
unrefined model was also syn [1], but the transition from
the syn to the anti conformation was observed during the
optimization of the model by annealed dynamics [1]. This
conformation change may reflect a similar transition at this
site induced upon binding of the peptide [7].
Sugar puckers in both structures are close to the canonical
C3′-endo at all Watson–Crick base-paired nucleotides
(Fig. 3c). Even G46 and U72, which exhibited the C2′-
endo pucker in the original NMR structure, converted to
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Figure 3
(a) Representation of the RMSD between the
same residues of the two structures. The
phosphate RMSD is shown as a dashed line
and the nitrogen base as a solid line. (b) Plot
of the conformational angle, , measured
using C4-N9-C1′-O4′ for purines and C2-N1-
C1′-O4′ for pyrimidines at the residues in the
core of the NMR structure 〈JB〉min (dashed
line), the model 〈FL〉min (solid line) and the
standard RNA A helix (dot-dashed line). 
(c) Plot of the sugar pucker versus the core
residues of the NMR structure (dashed line),
the predicted model (solid line) and the
canonical RNA A helix (dot-dashed line).
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C3′-endo during minimization. The most noticeable differ-
ence in sugar puckers between the two structures is found
at residue G48 (Fig. 3c), where the 〈FL〉min structure
shows a C4′-exo pucker and the 〈JB〉min shows a C2′-exo;
both values, however, lie close to the standard C3′-endo
pucker of 13.6° of the RNA A helix [11].
Base pair parameters and base stacking
Helical parameters such as base inclination and X-dis-
placement as well as inter-base pair parameters such as
rise and twist were examined in the two structures
(Table 3). Although the inclinations are generally close to
those of an A helix [12], nonstandard values for the X-dis-
placement, a direct measure of the deepness of the major
groove, and rise are observed in both structures. The aver-
ages of these parameters in 〈FL〉min at –4.6 Å and 2.9 Å,
respectively, are closer to the RNA A helix values (–4.4 Å
and 2.8 Å) than those of 〈JB〉min at –2.6 Å and 3.1 Å. These
data confirm a trend, also seen in the angle and the sugar
pucker, that 〈FL〉min is somewhat more in conformity with
an RNA A helix than 〈JB〉min.
Structural details of base stacking at the non-
Watson–Crick base pairs were evaluated by determining
the buckle and propeller twist of individual nucleotides
and the roll and tilt parameters between base pairs at the
non-Watson–Crick base steps and their neighbors. The
intra-base pair parameters measured in the internal loop
deviate significantly from those of a standard A RNA for
both 〈FL〉min and 〈JB〉min, although their magnitude is dis-
tinctive: generally, 〈FL〉min exhibits more pronounced
deviations than 〈JB〉min in roll, buckle and propeller twist
at the G46–C74/G47–A73 and G47–A73/G48–G71 steps.
The most dramatic deviation is observed for the roll at
the G47–A73/G48–G71 step, where 〈FL〉min diverges
from the canonical value by more than –40°, while the
deviation for 〈JB〉min is only one-half of this (–22.4°;
Table 3).
Despite the unusual helicoidal parameters in G47 and
G48 of both 〈FL〉min and 〈JB〉min, base stacking between
them in 〈FL〉min is close to that of a canonical A helix,
even though the geometry of the purine–purine base pair
provokes a larger than usual distance between the C1′
atoms of these nucleotides and their pairing partner, i.e.
13.2 Å for G48–G71 and 12.9 Å for G47–A73. In the loop
region of 〈JB〉min, a unique positive slide in the G47–G48
step staggers the O6 and N2 atoms of G47 and G48
(Table 3; compare Fig. 4 parts a and b), an adjustment
that probably reduces the electrostatic repulsions
between stacked electronegative groups in the major
groove. This arrangement respects the hydrogen bonding
pattern and the C1′–C1′ distances of 13.4 Å for G48–G71
and 12.9 Å for G47–A73, but produces deviations in the
sugar puckers and RNA backbone torsions at G48 and
C49. In contrast, the G70–G71 and G71–A73 dinucleotide
steps display more similar base-stacking patterns in both
structures, even though some deviation is observed in the
roll and propeller twist of G48–G71 compared to
G47–A73.
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Table 1
Comparison of the relative contributions to the conformational energy.
Structure Intramolecular energy Solvation energy
Electrostatic Nonpolar Total
Valence VdW* Ele† H-bond Total potential Coul‡ RF§ Total
〈JB〉min 333 –272 –262 –25 –226 –11623 –2889 –14512 172 –14340
〈FL〉min 335 –265 –268 –26 –224 –11672 –2843 –14515 177 –14338
*Van der Waals’. †Electrostatic component of the total potential
energy. ‡Coulombic component of the total electrostatic solvation
energy. §Reaction field component of the total electrostatic solvation
energy (solute–solvent interactions). The total force field intramolecular
energy after energy minimization and the solvation energy for the two
structures are represented. The total electrostatic energy (reaction field
+ coulombic energy) was calculated using the Delphi program and the
nonpolar solvation energy by assuming that it is proportional to the
total solvent-accessible surface area with a proportionality constant of
0.04 kcal mol–1 Å–2.
Table 2
Selected interproton distances.
Proton pair 〈JB〉0 〈JB〉min 〈FL〉0 〈FL〉min
G70H8–G71H1′ 5.5 Å 4.6 Å 6.3 Å 6.0 Å
G70H2′–G71H2′ 2.6 Å 2.6 Å 2.6 Å 2.8 Å
G70H1′–G71H2′ 4.7 Å 4.4 Å 5.2 Å 5.0 Å
U72H4′–A73H8 3.5 Å 4.0 Å 3.8 Å 4.4 Å
G71H8–A73H1′ 3.0 Å 2.7 Å 3.0 Å 3.1 Å
Selected interproton distances measured for the two initial structures,
〈JB〉0 and 〈FL〉0, and the two minimized structures, 〈JB〉min and 〈FL〉min,
within the noncanonical base-paired region. These distances
correspond to the unusual NOEs observed by Battiste et al. [7] in their
1H-NOESY spectra.
Discussion
The comparative data presented here permit some
insight into how differences arose between the model and
the NMR structure. For example, although the non-
canonical hydrogen bonding between the pairs G71–G48
and A73–G47 is identical in the two structures, internu-
cleotide stacking is not, and we believe this factor and the
associated repercussions on neighboring nucleotides to be
at the root of much of the 3.3 Å of RMSD observed
between 〈FL〉min and 〈JB〉min. The unusual rise in the
G47–G48 and G48–C49 steps (Table 3) due to the pres-
ence of two noncanonical base pairs is accommodated by
resorting to RNA backbone adjustments in 〈JB〉min,
instead of the base-pair buckle and propeller twist modi-
fications in 〈FL〉min. The internucleotide NOE values
available from NMR were able to define this local detail
very precisely, whereas the MC-SYM model was con-
structed by incorporating a ‘stacked’ conformation
selected from the structural database containing only the
more classically disposed stacked nucleotide conforma-
tions [1]. Consequently, 〈FL〉min is closer to the standard
A helix than 〈JB〉min in terms of the deepness of grooves
and the internucleotide rise.
Further imprecisions in the modeling protocol can be
inferred from the evaluation of some of the dihedral
angles. The large deviations of the  and  in 〈FL〉min from
the 〈JB〉min noted above do not represent significant con-
formational differences between the two structures
because simple crankshaft movements in the backbone,
particularly about the torsion angle, maintain base position
and stacking [13]. However, the deviations themselves
probably result from the fact that many nucleotide confor-
mations in the structural database used for selection by
MC-SYM are equivalent in their ability to conform to dis-
tance constraints used in model building. Similarly, the
two structures differ locally at the bulged nucleotides A68
and U72. But in these cases, divergences are most certainly
the result of the selection of nucleotide conformations in
the absence of distance or angle constraints in the data set
for the model. Our modeling method, not surprisingly,
emphasizes the simultaneous satisfaction of hydrogen
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Table 3
Helicoidal parameters of the RBE.
Axis base pair Inter-base pair Intra-base pair
Molecule Step Incl X-Dsp Roll Tilt Slide Twist Rise Prop Buckle
(°) (Å) (°) (°) (Å) (°) (Å) (°) (°)
RNA A helix 46–74 16.1 –4.4 0.0 0.0 –1.6 32.7 2.8 13.8 0.3
47–73 16.1 –4.4 0.0 0.0 –1.6 32.7 2.8 13.8 0.3
48–71 16.1 –4.4 –2.7 0.0 –1.4 32.7 2.8 13.8 0.3
49–70 16.1 –4.4 2.7 0.0 –1.7 32.7 2.8 13.8 –0.3
Average 16.1 –4.4 0.0 0.0 –1.6 32.7 2.8 13.8 0.1
SD 0.0 0.0 2.3 0.0 0.1 0.0 0.0 0.0 0.2
〈JB〉min 46–74 31.4 –2.3 3.2 –2.5 –0.3 45.7 3.3 2.1 5.3
47–73 28.2 –3.1 –7.0 2.0 0.9 15.2 3.3 –22.1 16.9
48–71 31.6 –1.5 –22.4 –27.4 0.2 23.9 4.6 27.3 0.6
49–70 6.5 –1.8 11.1 6.7 –0.9 45.2 2.7 –22.0 –17.8
Average 20.6 –2.6 –3.0 –2.1 –0.5 33.1 3.1 –17.4 –0.1
SD 9.1 0.7 10.5 11.5 0.8 10.9 0.8 8.8 10.2
〈FL〉min 46–74 23.9 –4.4 7.7 1.0 –0.3 39.3 3.3 –19.7 4.1
47–73 22.5 –5.4 0.0 6.2 0.2 19.8 3.3 –33.4 19.5
48–71 27.7 –4.6 –44.4 –17.7 –0.4 38.0 4.0 –38.2 6.5
49–70 17.7 –4.0 –10.8 0.8 –1.2 43.3 1.9 –24.4 –13.8
Average 20.2 –4.6 –3.6 –1.4 –0.9 33.8 2.9 –26.2 –0.3
SD 4.1 0.5 19.1 7.6 0.8 9.2 0.7 6.8 12.0
Helicoidal parameters of the RBE compared with a standard RNA
A helix. The axis intra-base and inter-base pair parameters were
calculated using NEWHEL91 implemented within the INSIGHT II
package (version 95.0, Biosym/MSI Technologies, Inc, San Diego,
CA). In order to measure the parameters at the noncanonical base pair
steps, the non-Watson–Crick base pairs were replaced by
Watson–Crick base pairs preserving the base plane and position of
the glycosidic bond. Average and standard deviations are indicated for
the core region. Incl, base inclination; X-Dsp, X-displacement; Prop,
propeller twist.
bonding and distance constraints to the detriment of back-
bone torsion conformity to ideal values. Clearly, with more
constraints in these regions, particularly involving the
bulged nucleotides, a better model could have been pro-
duced; but this is, of course, the modelers lament and
cannot be used to justify a model.
Based on our analyses, the two major sources of diver-
gences in the model reside in the use of too loosely
defined distance constraints and inadequate conforma-
tional sets. Loop closure constraints [1] impose O3′–P dis-
tances between neighboring nucleotides at the junction
point when a loop structure is completed. Unfortunately,
the flexibility of the ribonucleotide backbone is such that
many different nucleotide conformations can satisfy this
distance constraint. Improvements might accrue from
making these closure constraints much more precise limits.
The conformational sets available in the structural data-
base (version 1.0 of MC-SYM) were not able to describe
precisely the conformations of bulged nucleotides that
possess specific structural and base-stacking features. In
addition, the presence of non-Watson–Crick base pairs in
the internal loop induces deviations at neighboring
Watson–Crick base pairs that could not be reproduced by
the constraint satisfaction approach nor the simulation pro-
tocol used in our study. More appropriate treatment of
specific conformational aspects such as the bulged
nucleotides and the base stacking should permit an
improvement in the accuracy of the models. Some of
these features have been implemented in the new version
of MC-SYM (series II).
In spite of these weaknesses, our model does predicts all
major features of the NMR structures, including the
geometry of the noncanonical base pairs, the widened
major groove and the looped-out nucleotides A68 and
U72. The similarity between the two structures is striking
both at the global and local level of detail. In fact, the
identical energies related to the two structures suggest
that they could be conformational substates, since the
RMSD value of 3.9 Å is within the 4.5 Å deviation
observed for substates of B-DNA double helices [14,15].
Moreover, the eight low-energy NMR-derived structures
used to construct the average structure of Battiste et al. [7]
differ from each other by 1.6–4.4 Å of RMSD. It is also of
interest to note that we have calculated a 4.4 Å RMSD
between the two published NMR structures of TAR RNA
[16,17]. Thus, due to the absence of more precise confor-
mational constraints such as distance constraints other
than hydrogen bonding, the degree of accuracy of our de
novo model may be limited to providing energy-equiva-
lent conformations. However, even though the precise
evaluation of certain local distances has been an advantage
for the NMR spectroscopist in this case, we believe that
the similarity of the model to the NMR structure largely
validates our approach.
Materials and methods
In vacuo dynamics simulations of the RBE structure (PDB code 163D)
were performed using the Discover package and the AMBER force
field parameters [18,19]. The molecule was gradually heated to 300 K
using 500 steps of 50 K with a time interval of 1 fs. A distance-depen-
dent dielectric constant of  = 4r, a nonbonded cut-off distance of
15 Å and harmonic distance constraints for base pairs were used.
During heating, hydrogen bond donor and acceptor atoms were dis-
tance-constrained by a harmonic force constant of 50 kcal mol–1 Å–2.
The trajectory at 300 K was performed for a total of 20 ps during which
the distance constraint force constant was slowly decreased to
10 kcal mol–1 Å–2 over the first five 1.5 ps. Snapshot structures were
stored at every 0.5 ps for the entire simulation. A single average struc-
ture from the final 15 ps of the trajectory was used for further minimiza-
tion. The core region (Fig. 1) of the averaged RBE structure from the
above simulation and that of the averaged NMR structure were energy-
minimized under the same simulation conditions as mentioned above.
Minimizations to convergence of a maximum derivative of
0.1 kcal mol–1 Å–2 were performed using the conjugate gradient mini-
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Figure 4
Stereo representation of the base stacking
patterns at the non-Watson–Crick base pair
steps involving the two base pairs G47–A73
and G48–G71. (a) 〈JB〉min and (b) 〈FL〉min.
G47,  G48       G71,  A73
(a)
(b)
mizer. All structural and energetic comparisons between the NMR
structure referred to as 〈JB〉min and the de novo model referred to as〈FL〉min were made on these minimized molecules.
The electrostatic potential of the structures 〈FL〉min and 〈JB〉min were
calculated using the finite difference solution to the nonlinear
Poisson–Boltzmann equation implemented in the DELPHI module
[20,21] of the BIOSYM software package. All calculations involved the
use of a 653 lattice and a 0.5 Å spacing between grid points for each
of the molecules. The potential at the boundaries of the grid was calcu-
lated using the Debye–Hückel term with AMBER charges assigned to
each atom in the molecule. The charges were treated as embedded in
a low dielectric medium ( = 2) made up of the volume enclosed by the
solvent-accessible surface of the molecule (calculated with a probe
radius of 1.4 Å). In each case, the surrounding solvent was treated as a
continuum ( = 80) with a 2.0 Å ion exclusion radius.
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